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Mapping the Ionization State of Laser-Irradiated Ar Gas Jets With Multi-Wavelength
Monochromatic X-Ray Imaging
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Two-dimensional monochromatic images of fast-electron stimulated Ar Koo and He-a x-ray self-emission
have recorded a time-integrated map of the extent of Ar¥ and Ar'®t jons, respectively, within a high density
(102 ¢cm—3 atomic density) Ar plasma. This plasma was produced by irradiating a 2 mm wide clustering Ar gas
jet with an ultra-high intensity (10!° W/cm?2, 200 fs) Ti:Sapphire laser operating at 800 nm. Spherically bent
quartz crystals in the 200 (for Ka) and 201 (for He-o) planes were used as near-normal incidence reflective
x-ray optics. We see that a large (830 pm long) region of plasma emits Ko primarily along the laser axis, while
the He-o emission is confined to smaller hot spot (230 um long) region that likely corresponds to the focal
volume of the /8 laser beam. X-ray spectra from a Bragg spectrometer operating in the von Hamos geometry,
which images in one dimension, indicate that the centroids of the Ko and He-a emission regions are separated

by approximately 330 um along the laser axis.

I. INTRODUCTION

Understanding the ionization dynamics of laser-produced
plasmas is a research topic of fundamental interest in plasma
physics. Ionization is caused by photon-particle and particle-
particle interactions [1, 2], and the ionization state of a plasma
largely determines the nature of the dominant atomic physics
processes, which in turn influence the plasma evolution [2—4].
For moderate and high-Z elements, the K-shell x-ray lines cor-
respond to relatively well defined ionic states [5, 6]. Because
these K-shell photon energies are sensitive to the ionization
state of the emitting ion [5, 7], imaging the self-emission of
these x-ray lines can provide a map of the corresponding ion-
ization states within a plasma.

Especially where significant temperature gradients exist,
such as inside inertial confinement fusion (ICF) plasmas,
multi-wavelength monochromatic x-ray imaging (XRI) has
been used as a plasma diagnostic. Specifically, imaging the
He- and Ly- emission from an Ar or Cl dopant with time-
resolved detectors can help document the evolution of capsule
implosion and heating [8, 9]. In general, by using an appro-
priate population level kinetics model, an ionization map can
be used to infer plasma temperature [10, 11].

In this work we show that multi-wavelength monochro-
matic XRI can be used to map the time-integrated spatial dis-
tribution of ionization states in moderate temperature Ar plas-
mas that have been formed by ultra-short pulse laser irradia-
tion of a super sonic Ar gas jet. We imaged both near-cold
Ko x-rays [5, 12] at hv = 2965 eV, characteristic of Ar~ot
M-shell ions (7, = 20 eV), as well as the He-0s x-rays [13]
at hv = 3140 eV that are characteristic of Ar'®* K-shell ions
(T, Z 100 eV). In both cases, the x-radiation is stimulated by
laser-accelerated fast electron impact ionization. We observe
a 230 um long region of He- 045 emission, which corresponds
to directly heated plasma where extensive ionization occurs
due to strong laser-electron coupling. Centered at a distance
of 330 um farther along the laser axis, we see a larger, 830 um
long region of Ko emission. Observing the spatial extent of
these two ionization states provides fundamental information
about the nature of the laser-target interaction.
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FIG. 1: (Color online) a) Top view of the experimental setup, show-
ing placement of the gas jet target, x-ray spectrometer, and the two
x-ray imagers. The gas jet fired upwards (i.e. out of the page), and
the diagnostics were mostly arranged in the horizontal laser-target
plane. Three lead shielding bricks were placed to block the lines of
sight from the plasma to the XRI detectors.

II. EXPERIMENTAL SETUP

We used the Callisto laser at Lawrence Livermore National
Laboratory, a Ti:Sapphire laser that provides up to 10 Jof A =
800 nm light in 200 fs. With a typical focal spot radius of ry
=9 um, the on-target intensity was approximately 2 x 10!
W/cm?. The target was a high-density super sonic clustering
Ar gas jet, the details of which are described in detail in Ref.
[14]. Near the nozzle exit, the characteristic atomic density
of the gas jet was 1 x10?° cm™3. The target and the x-ray
diagnostics were arranged inside the laser target chamber as
shown in Fig. 1.

An x-ray spectrometer monitored the source x-ray spec-
trum using a highly oriented pyrolytic graphite (HOPG) crys-
tal [15, 16] that was cylindrically bent with a radius of curva-
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FIG. 2: (Color online) Time-integrated data from the monochromatic
XRI diagnostics, showing the K-shell x-rays characteristic of two
different Ar ionization states. Horizontal lengths in italics have been
corrected for the parallax foreshortening caused by the observation
angles as shown in Fig. 1. The position + of the He- image centroid
has been placed onto the Kot image using the offset shown in Fig. 3.
Locations of line profile sources are marked with dotted lines.

ture of 107 mm and used in the von Hamos geometry [16, 17]
as shown in Fig. 1 b). Centered at 3.05 keV, i.e. in the mid-
dle of the Ar K-shell spectrum between Ko and He-o, the
Bragg angle was 6 = 36.3° and the source to crystal distance
was £ = 171 mm. The HOPG crystal had interplane spacing
2d = 0.67 nm, a mosaic spread of y = 0.8° (ZYB grade), a
width w = 25.4 mm and an integrated reflectivity Rj,; = 3.0
mrad. The x-rays were detected on absolutely calibrated Fu-
jifilm BAS-SR imaging plate [18, 19]. Filtering consisted of
25 um of black Kapton (polyimide) to block visible light and
84 um of mylar to attenuate the x-rays, yielding a transmis-
sion of T (hv = 3.05 keV) = 0.13. Given broadening effects
inherent to the crystal [16, 17] and the 25 um? pixel size of
the image plate, the source monitor spectrometer had a min-
imum instrument function width of 1.3 eV at 3.05 keV for a
resolution AE/E = 4.3 x 1074,

To obtain polychromatic x-ray imaging along the laser axis,
the HOPG crystal was mounted above the horizontal laser-
target plane with the curved edge approximately parallel to
the laser axis, as shown in Fig. 1 b). In this sagittal direc-
tion the von Hamos spectrometer instrument function is dom-
inated by mosaic blurring, with a width given by 2y/sinfp =
2.8 mm [16]. Due to space limitations within the target cham-
ber the image plate was mounted at an angle with respect to
the horizontal best line-focus von Hamos imaging plane, fur-
ther broadening the sagittal instrument function. In the dis-
persive direction, the mosaic blurring is much less [16], but
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FIG. 3: (Color online) Time-integrated Ar K-shell x-ray spectrum.
The von Hamos spectrometer geometry images in the non-dispersive
(horizontal) direction with unit magnification. Locations of line pro-
file sources are marked with dotted lines.

zeroth order imaging is convolved with the spectrum, com-
plicating analysis. Given these considerations we restrict our
imaging usage of the spectrometer data to comparing centroid
positions from one portion of the spectrum to another in the
sagittal direction, which tells us the relative location of differ-
ent line-emission regions of plasma along the laser axis.

The monochromatic x-ray imagers consisted of two spheri-
cally bent quartz crystals, one each for Ko and He- o, with
Fujifilm BAS-TR imaging plate detectors. Single spherically
bent crystals can offer high spectral and spatial resolution
when imaging x-ray line emission; however, in order to main-
tain spatial resolution (i.e. to control off-axis geometric aber-
rations and distortions [20]) one must work at near normal
incidence [21]. Every x-ray line of interest must therefore
be paired with a crystal that can operate with Bragg angles
0p =~ 90° [22].

To image Ar Ko at 2965 eV, we used a spherically bent
quartz 200 crystal (2d = 0.4246 nm [23]) with radius of cur-
vature r. = 40 cm at O = 80.0°. Solid angle was limited by
a 1 cm diameter aperture cut into 0.5 mm thick Al substrate
(opaque to 3 keV) that was placed 1 mm in front of the crys-
tal. At the operating magnification of M = 2.3 the analytically
estimated resolution is o = 160 um [22]. Likewise, for imag-
ing He-oyes at 3140 eV we used a spherically bent quartz 201
crystal (2d = 0.3960 nm [23]) with radius of curvature r, = 50
cm at Op = 85.1°. With the same aperture at the crystal and
M = 3.0, the analytically estimated resolution is 0 = 43 um.
The working distances from the crystal to the plasma were d,,
= 280 mm for the 200 crystal and d, = 330 mm for the 201
crystal.

Because the target material is a gas and therefore cannot be
used in front of the detector as a K-edge x-ray filter, proper
collimation is key to obtaining good quality, high contrast Ar
x-ray images. Our XRI collimators, as shown in Fig. 1 a),
were Al tubes with 6 mm thick walls. The Al was then lined
with 1.6 mm of polytetrafluoroethylene (PTFE, C,F4). This
heavy plastic liner is opaque (transmission less than 10~%)
up to photon energies of roughly 5 keV, which is sufficient



to block Al Ko fluorescence and bremsstrahlung originating
from the interaction of laser-accelerated fast electrons with
the Al collimator exterior. A further reduction in background
noise was achieved by blocking all direct lines of sight from
the imaging plates to the plasma with 1 inch thick lead bricks.

III. SPATIAL DISTRIBUTION OF AR IONS

As seen in Fig. 2, both Ko and He-o,.g emission comes
from regions of plasma that are elongated along the laser axis.
The images shown are from two individual laser shots under
similar laser conditions. Ko emission appears mostly along
the laser axis as a long and narrow region measuring 830 um
by 140 um. This is substantially longer than the Rayleigh
range xg = 713 /A = 320 um. Given that the resolution of the
system is estimated to be ¢ = 160 um, the height of the Ko
feature can be interpreted as an approximate upper limit on the
vertical extent of Ko emission. Additionally, a diffuse region
of Ka emission extends beyond the main feature. The He-
Oes €mission is much more localized than the Ko emission,
measuring only 230 um long by 70 um tall, with a resolution
of 0 =43 um.

Rocking curves of the quartz crystal response to Fe Ko x-
rays were made offline by NSTec, Inc. The full width at half
maximum (FWHM) of the rocking curves is A8 = 0.3° for the
quartz 200 crystal and AO = 0.1° for the quartz 201 crystal.
Using the working distances specified above and neglecting
the influence of source bandwidth, the FWHM fields of view
are d,A0 = 1.5 mm (200 crystal) and 0.58 mm (201 crystal).
These estimates are moderately larger than the size of the cor-
responding features in Fig. 2. Stated differently, moderate
chromatic vignetting [21] might be influencing image bright-
ness at the margins of the images. A rigorous evaluation of
the bandwidth of spherical crystal x-ray imaging of mm-scale
Ar laser plasmas is being published separately [24].

Cross-calibration with the von Hamos x-ray spectrum al-
lows us to place absolute units of photon emittance on the Ko
image in Fig. 2 a). The analysis is straightforward because
Ka is optically thin [25] and all volumes of emitting plasma
contribute to the observed image. However, in the case of
He- a5, which is optically thick because of resonant photoab-
sorbtion, the image only includes that surface emission which
is visible from the quartz crystal. Resonant photoabsorption
by ions from a lower state ¢ to an upper state u is proportional
to N¢ ¢, the number of ions with charge ¢, and Be ¢ the
Einstein stimulated emission probability coefficient [3]. Sig-
nificant He-& reabsorption occurs because the lower state £ of
He-a is the heavily populated ground state. For simplicity,

we therefore leave the He-oy.s image in units of image plate
exposure, or photo-stimulated luminescence (PSL).

The time-integrated von Hamos x-ray spectrum is shown in
Fig. 3. Strong He-like and Li-like features dominate the high-
energy end of the spectrum, while near-cold K is visible at
the low-energy end of the spectrum. In the non-dispersive di-
rection, lineouts of the Ko and He-o4.  features clearly show
an offset of 330 um in the location of the x-ray emitting cen-
troids along the laser axis. A = 130 um one standard devi-
ation uncertainty represents the variation in this offset mea-
surement resulting from varying short pulse laser conditions
from shot to shot. This centroid offset was used to infer the
position of the He-os feature on the Ko image as shown in
Fig. 2 a), as marked with a + symbol. The He-¢ comes from
the leading edge of the K& emission region with respect to the
direction of laser propagation.

The spectral code FLYCHK [11] was used to generate a
synthetic x-ray spectrum and correlate the x-ray photon en-
ergies with temperatures and ionization states. We used the
same simulation parameters as described in Ref. [14]. FLY-
CHK results indicate that Ka emission at 2965 eV, as imaged
here, is characteristic of Ar¥*t M-shell ions with electron
temperature T, ~ 20 eV. Similarly, the He-0s X-rays imaged
at hv = 3140 eV are characteristic of Ar'®" K-shell ions in a
plasma with electron temperature 7, = 100 eV.

~

IV. SUMMARY AND ACKNOWLEDGEMENTS

We have demonstrated a technique for studying the extent
of plasma ionization within a laser-irradiated Ar gas jet, pro-
viding fundamental physical information about laser-target in-
teractions. Future application of this technique could include
use on the National Ignition facility to help with ICF studies
that require knowledge of the spatial extent of plasma at spe-
cific conditions during capsule implosions [26].
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